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[57] ABSTRACT

A detection system for determining the ievel of a liquid
in a containment tank includes a containment tank and a
reference standard of known weight mounted to the
vehicle and movable along the yaw axis of the vehicle.
Load cells are placed intermediate the tank and refer-
ence standard to provide analog voltage outputs in
proportion to the load on each cell. The load cell out-
puts, when amplified, summed and then divided by the
output of the reference weight load cell, provide an
electronic signal that is proportional to the gross weight
of the tank. A pre-set signal, representative of the empty
weight of the tank, is subtracted from the gross weight
signal, resulting in a signal which is proportional to the
net welght, or the contents of the tank.

11 Claims, 4 Drawing Sheets




U.S. Patent July 28, 1992 Sheet 1 of 4 5,133,212

ROL\L




SVAY MV o

MANANA 3\

N P S Zgn s faw] AWM AN T

5,133,212

g 27\
TR NG) A
SO -

<
s o O
o
=
= ‘
7 , .

b~ Al Jl ¢ 77
= .F-Il.._._-__ X _ X
= 92\ . 20, V2 . 2 27
=

82} 2.0\ al A |
Y,
SSOA9 <
_ AW, - ZAY =
— A N o

O AAANWA LM _ e
14 S — A

U.S. Patent



U.S. Patent July 28, 1992 Sheet 3 of 4 5,133,212

Srhg. 3.

STRAIGHTYT AND \&EVEL (.0 &

VERT\CAL YAW
AX\S

_ . W 8500 \ 8S
GRODSS WEIGRHT = rat T = SO0 \ RS

JFZig. 4.

STYRA\GHT AND \eVEL (.2 &

VERTICAL YAW
" AX\S

W @00 \BS

GROSS WEIGHY = = —0mm = 200 RS
G .2 G



U.S. Patent July 28, 1992 Sheet 4 of 4 5,133,212

FZig. 5.

STRAIGHT AND LEVEL . ACCELERATING [

VERTICAL

VERTICAL

GROSS WEL\GHT



5,133,212

1

METHOD AND APPARATUS FOR MEASURING
THE LIQUID LEVEL OF A CONTAINMENT TANK
SUBJECT TO EXTERNAL FORCES

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates in general to measuring and
detection systems, and, more particularly, to a measur-
ing and detection system for determining the quantity of
a liquid stored in a tank subject to external forces.

2. Descrniption of the Related Art

The present invention is principally directed toward
a new and innovative system for measuring the hiquid
volume present and therefore the liquid level in, but not
limited to, an aircraft or moving vehicle liquid contain-
ment vessel or holding tank that may contain solely
liquid, or liquid mixed with solid or particulate waste.

Present systems for measuring the liquid present in
such a tank employ either pressure differential tech-
niques Or capacitor proximity sensor techniques. Both
of these types of prior art systems are vulnerable to
errors due to fouled or clogged sensors induced by the
necessity to operate the sensing elements in direct
contact with the mixture held in the tank. These system
errors are of such a magnitude that the system becomes
inoperative in a relatively short period of time and the
sensors must be either serviced and/or replaced fre-
quently.

OBJECTS AND SUMMARY OF THE
INVENTION

Accordingly, it 1s an object of the present invention
to provide a measuring and detection system for deter-
mining the quantity or weight of a liquid in a tank that
1s subject to external forces, such as a tank in an airborne
aircraft or in a moving vehicle, that eliminates the er-
rors caused by fouled or clogged sensors operating in
direct contact with the contents of the tank.

It 1s still another object of the present invention to

provide a measuring and detecting system for determin-
ing the level of a liquid in a tank that is subject to exter-

nal forces, such as a tank 1n an aircraft or a moving
vehicle, that is reliable 1n operation so as to require
minimal servicing to maintain the system in proper
~ operating order.

Among the believed novel aspects embodied in the
present invention is that a system, constructed in accord
with the present invention, utilizes load cells and/or
strain gauges to measure the tank contents by weight.
While measuring the volume or level of a liquid in a
containment tank by weight is not new per se, the par-
ticular structure and method of the present invention
for measuring the volume of liquids containing contami-
nates on a moving vehicle appears to be unique.

The present invention also provides for measuring
and compensating for increased and/or decreased grav-
itational forces or inertial forces that may ‘be exerted
upon the liquid and any contained contaminates result-
ing from the movement of the vehicle or tank by using
a method that is not found in known prior art.

Akin to the immediately preceding point, the present
invention provides a system that generally compensates
for external forces acting upon the tank and its contents
SO as to correct maccuracies caused by the effects of
lateral forces or the tilung of the tank. The present
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2

invention provides a system which does so by the posi-
tioning and orientation of the system sensors.

In general, the present invention is directed towards
an apparatus for measuring the volume or level of a
liguid 1n a containment tank in a vehicle that is subject
to external forces caused by movement of the vehicle,
and includes a tank and reference standard mounted to
the vehicle but having a degree of freedom along the
yaw or vertical axis of the vehicle, at least one tank
strain gauge load cell and at least one reference strain
gauge load cell, each of which is sensed by a direct
current voitage detector which provides analog voltage
outputs proportional to the load on each load cell. The
tank load cells are placed intermediate different por-
tions of the containment tank and a solid portion of a
common reference surface of the vehicle, while the
reference strain gauge load cells are placed intermediate
a reference standard of known weight and a portion of
the common reference surface of the vehicle.

All cells are aligned to be sensitive generally parallel
along an axis substantially normal to the common refer-
ence surface and generally parallel to the yaw or verti-
cal axis of the vehicle, that is, generally parallel along
the axis of freedom of both the tank and the reference
standard. A computational device converts the analog
signals essentially simultaneously into output informa-
tion representative of the volume or level of the liquid
in the containment tank by summing the plurality of
tank load cell outputs to form a tank gauge sum signal,
dividing that quantity by the output of the reference
load cell output to generate a tank gross weight signal,
and then subtractively combining the known tank
empty weight signal from the tank gross weight signal
to arrive at a tank net weight signal.

Still further, the invention includes methods for de-
termining the volume or level of a liquid in a tank in
both static and dynamic conditions as will be better
described below.

The novel features of construction and operation of
the invention will be more clearly apparent during the
course of the following description, reference being had
to the accompanying drawings wherein has been illus-
trated a preferred form of the device of the invention
and wherein like characters of reference designate like
parts throughout the drawings.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 1s an 1dealized schematic showing a system in
accord with the present invention;

FIG. 2 i1s a schematic system block diagram showing
a system 1n accord with the present invention;

FIGS. 3 through 6 are vector analysis diagrams
showing a vector diagram of various external forcing

‘acting on the tank and liquid and the resolution of such

forces In a system in accord with the present invention;
and,

FIG. 7 illustrates a preferred tank assembly for use in
a system in accord with the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring now to the drawings, FIG. 1 illustrates, in
an idealized schematic form, an apparatus 10 con-
structed 1n accord with the present invention for use 1n
measuring the volume or level of a liquid 12 in a con-
tainment tank 14 that 1s subject to external forces caused
by movement of tank 14. Tank 14 may be a waste hold-
ing tank or the hike which may contain solid contami-
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nants, or even a fuel tank containing only liquids, such
as 1s found in an aircraft or other moving vehicle.

At least one, and preferably a plurality, of tank strain
gauge load cells 16 are provided for tank 14, as de-
scribed below. These strain gauge load cells 16 nor- 5
mally operate in either compression or tension mode in
response to external load forces acting on the cell in
conjunction with applied direct current voltage signals
to provide analog voltage outputs that correspond, in
known proportion, to the load forces applied to each 10
load cell 16. Tank load cells 16 are placed intermediate
different portions of containment tank 14 and a solid or
rigid portion of a common reference surface 18 of the
vehicle, which, in the preferred embodiment, is the
aircraft frame. Load cells 16 are aligned to be sensitive 17
to load forces generally parallel along an axis 20 that is
substantially normal to the common reference surface
18. In most instances, the axis 20 will be parallel to a
vertical axis, or to an axis that is normal to the axis of
usual forward motion of the tank or vehicle. As an
example, in an aircraft, tank load cells 16 will normally
be placed so as to be sensitive along the yaw or vertical
axis of the aircraft.

To provide a reference standard for the computations
described below, at least one reference strain gauge
load cell 24 1s placed intermediate a reference standard
26 of known weight and a portion of common reference
surface 18. Load cell 24 provides an analog voltage
output in proportion to the load on the load cell as was
described above for cells 16. Load cell 24 1s, like cells
16, also aligned to be sensitive to load forces generally
paraliel along an axis that is substantially normal to the
common reference surface 18, preferably the same axis
as that of cells 16, for example, both cells 16 and cell 24 4
may be aligned to be sensitive along the yaw or vertical
axis of an aircraft. In fact, for space and convenience
considerations, both the tank 14 and the reference stan-
dard 26 may be stacked as illustrated in F1G. 7 and
described below along a common yaw axis. 40

Referring once again to FIG. 1, device 28 retains data
descriptive of the known tank empty weight for use as
better described below in determining the level of liquid
in the tank. Simple devices that may be used would
include voltage dividers or variable resistors such as 4s
trim potentiometers used in conjunction with summing
amplifiers that may be selectively chosen to electrically
represent the known tank empty weight. More compli-
cated devices for use with systems employing a central
processor may include a Random Access Memory or sg
Read-Only Memory device, operatively coupled with a
central processing unit 1n the usual fashion that include
data representing the known tank empty weight.

A computational device 30, such as a central process-
ing unit (or an equivalent circuit formed from a coupled 55
series of operational amplifiers as illustrated in FIG. 2),
is connected to receive the analog voltage outputs from
load cells 16 and load cell 24, and converts these analog
signals, essentially simultaneously, into output informa-.
tion of the volume or level of the liquid in the contain- 60
ment tank. The plurality of tank load cell outputs are
summed to form a tank gauge sum signal, and this sum
1s divided by the output of the reference load cell output
to form a tank gross weight signal, from which is sub-
tracted the known tank empty weight to form a tank net 65
weight signal. This signal is then used to generate a
liquid volume or level signal based on known weightz
volume relationships.
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The preferred embodiment of a system in accord with
the present invention would further includes a device 32
for electrically averaging out short term transients ap-
pearing in the analog voltage output signals from the
load cells 16 as a result of inertial forces caused by the
contents of the tank 14. This would eliminate measure-
ment errors caused by *“‘sloshing” of the liquid 12 in the
tank 14 due to shprt term or violent movements of the
tank 14 itself and the inertia inherent in a dynamically
moving contained liquid 12.

The present invention may also be found in a system
as tllustratd in the system schematic FIG. 2 that incor-
porates instead of a microprocessor, equivalent logic
represented by a circuit including a plurality of tank
strain gauge load cell amplifiers, such as operational
amplifiers, connected to the analog voltage outputs of
the load cells.

In which an equivalent circuit, an analog multiplier
device would be coupled with the tank strain gauge and
with the reference load cell amplifiers. The load cell
amplifier outputs are summed and divided by the analog
voitage output of reference load cell to produce a tank
gross weight signal.

Likewise, a subtraction amplifier would be coupled
with the analog multiplier and a variable resistor net-
work representing the known tank empty weight for
subtracting a signal representing the known tank empty
weight from the signal representing the tank gross
weight to form a tank net weight signal, and to convert
that tank net weight signal to a quantity representing
the level or volume of liquid in the tank. '

Both this equivalent circuit and each of these ampli-
fier devices are described in further detail below in
connection with FIG.2.

Finally, to present the signal representing the volume
or level of the liquid in the tank to a human or other
observer, it 1s preferred that at least one tank liquid level
readout device 34, such as a dial, LCD or LED display,
be operatively linked to computational device 30 for
displaying the volume and/or level of the liquid con-
tained 1n the tank. This device may also record this data
for readout at a later date, or store the information for
use by other devices.

Another embodiment of a system 1n accordance with
the present invention would include the conversion of
the analog voltage output signals from the load cells to
a digital form for further processing in a central pro-
cessing unit. Accordingly, a system of this alternate
preferred embodiment would require an analog-to-digi-
tal converter which, in any of the usual ways, converts
the analog voltage signal outputs from the load cells
into digital signals for processing by the computational
device of the system.

The present invention also includes a method for
measuring the level of a liquid in a containment tank
subject to external forces caused by movement of the
tank. This method would include the steps of:

Mounting a containment tank to the vehicle so that it
is movable along the yaw or vertical axis of the vehicle.

Mounting a reference standard of known weight to
the vehicle so that it is movable along the yaw or verti-
cal axis of the vehicle similar to that for the containment
tank described immediately above.

Placing a plurality of tank strain gauge load cells
sensed by direct current voltage devices, each provid-
ing an analog voltage output signal in proportion to the
load on each load cell intermediate different portions of
the containment tank and a solid portion of a common
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reference surface. Each of these cells is aligned to be
sensitive to load forces generally parallel along the yaw
or vertical axis of the vehicle.

Placing at least one reference strain gauge load cell
sensed by direct current voltage means providing ana-
log voltage outputs in proportion to the load on the load
cell intermediate a reference standard of known weight
and a portion of common reference surface, and aligned
to be sensitive to load forces generally parallel along the
yaw or vertical axis of the vehicle; and,

Converting the analog signals from the load cells,
essentially simultaneously, into output information of
the liquid level of the containment tank by summing the
plurality of tank load cell outputs to form a sum, divid-
Ing this sum by the output of the reference load cells to
form a tank gross weight, and then subtracting the
known tank empty weight from the tank gross weight
to form a tank net weight; and, converting the calcu-
lated tank net weight into a corresponding volume or
level of hiquid contained in the tank by any of the known
methods of ratio and proportion.

In an alternate method, the step of converting the
analog voltage outputs from the load cells into digital
signals 1s added, and the above method is carried out 1n
the digital instead of the analog domain.

FIG. 2 shows in generalized schematic block form a

system in accord with the present invention as briefly
described above. In this drawing the tank 1s mounted on

four load cells LC1 through LC4 onented such that
they measure the downward force of the tank along the
vaw axis of an aircraft. A fifth load cell LCS measures
the downward force of a known reference weight, also
along the yaw axis.

The analog voltage outputs from each of the load
cells LC1 through LC4, supporting the tank, are ampli-
fied by operational amplifiers Ul through U4 and then
summed in operational amplifier U6. The analog volt-
age output of load cell LCS5, measuring the downward
force of the reference weight, i1s amplified by US. The
analog multiplier U7 divides the output of Ué by the
output of US, resulting in the tank gross weight. Ampli-
fier U8 subtracts the known tank empty weight from the
gross weight resulting in the net percent of capacity on
display device D1.

FIGS. 3 through 6, with reference to the circuit illus-
trated in FIG. 2, illustrate various conditions the system
10 might encounter 1n a tank located in an aircraft un-
dergoing flight and will now be described.

FIGS. 3 and 4 show the system in straight and level
flight with the downward force of the tank along the
aircraft yaw axis. As a result, the sum of load cells LC1
through LC4 provide a direct readout of the gross
weight of the tank. Similarly, load cell LCS provides a
direct readout of the reference weight. This reference
weight signal 1s representative of the G forces directed
along the yaw axis of the aircraft. The summed gross
tank weight, divided by the “G” forces (one at straight
and level flight conditions), minus the tank empty
weight equals the tank net weight.

Durning penods of increased G forces along the yaw
axis, perhaps due to turbulence or turns, the force on
load cells LC1 through 1L.C4 is exaggerated by the in-
creased G forces. The same G forces have an equal
effect on load cell LCS. Since both outputs change
proportionally, the change i1s canceled by the division
operation of U7.

During periods of increased G forces along the roll or
pitch axes, such as acceleration during takeoff, as shown

10

13

20

25

30

35

45

50

55

65

6

in FIG. 5, the tank is acted upon by forces of gravity
along the yaw axis and forces of inertia along the roll
axis. Since the load cells are effected by forces along the
yaw axis only, no error 1s introduced into the system.

During conditions such as a constant rate climb, as
shown in FIG. 6, the force on the load cells along the
yaw axis 1s reduced as the gravity vector no longer
coincides with the yaw axis. The downward force due
to gravity is vertical, while the yaw axis 1s off of verti-
cal, hence the gravitational force resuits in forces along
the yaw and roll axes. Since the reduction in force on
load cells L.C1 through L.C4 1s proportional to the re-
duction in force on load cell LCS5, it 1s corrected for by
the division of U7.

Finally, as suggested above, during conditions of
short term transients such as turbulence, the response
time of the liquid in the tank, and the effects of “slosh-
ing” would have an effect on the accuracy of this sys-
tem. These short term efifects are to be averaged out
electronically by any of the known methods.

An embodiment of a tank assembly 100 for use 1n a
system 1n accord with the present invention was con-
structed for experimental purposes in testing the present
invention, and 1s tllustrated in FIG. 7.

The tank assembly 100 includes: a tank 102, that is
movable along one axis, preferably the yaw or vertical

axis of the vehicle; a rigid guide and support structure
104; a reference weight 106 and its support mechanism

108; and four load cells generally 1ndicated by 110.

The tank 102 has two rigid end pieces 112, each con-
taining ball guides 114, and a transparent cylinder 116.
This description i1s for an experimental tank assembly
that has been constructed to test the present invention
and may be replaced with any standard holding tank
with, or without, a transparent cylindrical body. Ac-
ceptable tanks would also include spherical tanks, rect-
angular tanks or even irregularly shaped tanks, and
tanks formed with non-transparent side walls.

The rigid support mechanism 104 1s a frame 118 with
guide rods 120 upon which rides the tank assembly 100.
This arrangement limits movement of the tank 102 to
one axis as indicated above and eliminates any load cell
side loads that may otherwise be applied to the load
cells if the tank assembly had freedom in additional
axes. Support of the tank 102 to the frame 118 is by four
weight sensing load cells 110 mounted to the bottom
122 of the frame 118.

Atop the frame 118 i1s a reference weight 124
mounted on guides 126 in a simtilar fashion as the tank
102 having a degree of freedom along the yaw or verti-
cal axis of the vehicle, and an additional weight sensing
load cell 128.

As seen from this structure, the tank assembly 100
and reference weight 124 rest or “float” on their respec-
tive weight sensing load cells along the yaw or vertical
axis of the vehicle so that changes in the weight of the
tank assembly or the reference weight can be immedi-
ately sensed by the weight sensing load cells.

The tank assembly 100 1s for illustrative purposes
only to show one embodiment of a tank assembly incor-
porating the present invention and should not be con-
strued as limiting the invention to this one particular
embodiment. |

The invention described above i1s, of course, suscepti-
ble to many varniations, modifications and changes, all of
which are within the skill of the art. It should be under-
stood that all such wvariations, modifications and
changes are within the spirit and scope of the invention
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and of the appended claims. Similarly, it will be under-
stood that Applicant intends to cover and claim all
changes, modifications and variations of the example of
the preferred embodiment of the invention herein dis-
closed for the purpose of illustration which do not con-
stitute departures from the spirit and scope of the pres-
ent invention.
What 1s claimed 1s:

1. An apparatus for use in measuring the volume or

level of a liquid in a containment tank in a vehicle that
1s subject to external forces caused by movement of the
vehicle having several degrees of freedom, comprising:

a containment tank mounted to the vehicle and sub-

ject to forces along the yaw axis of the vehicle;

a reference standard of known weight mounted to the
vehicle and subject to forces along the yaw axis of
the vehicle;

at least two tank strain gauge load cells sensed by
applied electrical energy for providing analog elec-
trical outputs proportionally representing the ioad
on each load cell, said load cells being placed inter-
mediate separated portions of said containment
tank and a portion of a common reference surface
~ of the vehicle, said load cells being sensitive along
a first axis that i1s substantially normal to said com-
mon reference surface and generally parallel to the
yaw axis of the vehicle; |

at least one reference strain gauge load cell capable of

providing analog electrical outputs proportion-
ately representing the load on said reference load
cell, said reference load cell being placed interme-
diate said reference standard and a portion of said
common reference surface, and sensitive generally
along a second axis substantially normal to said
common reference surface and generally parallel to
the yaw axis of the vehicle and said first axis;
means for retaining data representative of the known
tank empty weight; and, |

computational means to convert said analog electrical
output signals essentially simultaneously into out-
- put information representative of the volume or
level of the liquid in the containment tank by sum-
ming the plurality of tank load cell output signals to
generate a tank gauge sum signal, dividing said
tank gauge sum signal by the output of said refer-
ence load cell to generate a tank gross weight sig-
nal, and then subtractively combining a tank
weight signal representative of the known tank
empty weight with said tank gross weight signal to
generate a tank net weight signal.

2. An apparatus as in claim 1, further including:
means for electrically averaging out short term tran-

sients appearing in the analog signals as a result of

inertial forces of the contents of said tank.
3. An apparatus as in claim 1, wherein said computa-

tional means further includes:

a plurality of cell signal amplifier means, each opera-
tionally connected to a corresponding one of said
plurality of tank strain gauge load cells, for ampli-
fying the analog voltage output from said plurality
of tank strain gauge load cells.

4. An apparatus as in claim 3, wherein said computa-

tional means further includes:

a reference amplifier means operationally connected
to said reference strain gauge load cell for amplify-
ing the analog voltage output from said reference
strain gauge load cell.

8

5. An apparatus as in claim 4, wherein said computa-

tional means further includes:

analog multiplier means operationally coupled with
said tank strain gauge load cell amplifier means and
said reference strain gauge load cell amplifier
means, for dividing said tank gauge sum signal by
the output of said reference load cell output to
generate said tank gross weight signal.

6. An apparatus as in claim 5, wherein said computa-

10 tional means further includes:
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subtraction amplifier means operationally coupled
with said analog multiplier means and said memory
means for subtractively combining said known
tank empty weight signal with said tank gross
weight signal to generate said tank net weight sig-
nal, and to convert said tank net weight signal to a
signal representative of the volume or level of lig-
uid in the tank.

7. An apparatus as in claim 1, further including:

tank liquid level readout means linked to said compu-
tational means for displaying said signal representa-
tive of the volume or level of the liquid contained
in said tank.

8. An apparatus for use in measuring the volume or
level of a liquid in a containment tank in a vehicle that
1s subject to external forces caused by movement of the
vehicle, comprising:

a containment tank mounted to the vehicle and mov-

able along the yaw axis of the vehicle;

a reference standard of known weight mounted to the
vehicle and movable along the yaw axis of the
vehicle;

a plurality of tank strain gauge load cells sensed by
direct current voltage means providing analog
voltage outputs in proportion to the load on each
load cell, said plurality of load cells being placed
intermediate different portions of said containment
tank and a portion of a common reference surface
of the vehicle, and sensitive along a first axis that 1s
substantially normal to said common reference
surface and generally parallel to the yaw axis of the
vehicle;

at least one reference strain gauge load cell providing
analog voltage outputs in proportion to the load on
sald reference cell, said reference cell being placed
intermediate said reference standard and a portion
of said common reference surface, and aligned
generally parallel to a second axis that 1s substan-
tially normal to said common reference surface and
substantially parallel to said first axis and the yaw
axis of the vehicle;

means to convert the analog voltage outputs from
said tank load cells and from said reference load
cell into digital signals;

correcting means for retaining data representative of
the known tank empty weight; and,

computational means to convert the digital signals
essentially simultaneously into output information
representative of the volume or level of the liquid
in the containment tank by summing the plurality
of tank load cell outputs to form a summed signal,
dividing said summed signal by the output of said
reference load cell to generate a tank gross weight
signal, and then subtractively combining a known
tank empty weight signal representative of the
known tank empty weight from said correcting
means with said tank gross weight signal to gener-
ate a tank net weight signal.
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9. A method for use in measuring the volume or level
of a hiquid in a containment tank in a vehicle that is
subject to external forces caused by movement of the
vehicle, comprising the steps of:

mounting a containment tank to the vehicle so that it 5

1s movable along the yaw or vertical axis of the
vehicle; ‘

mounting a reference standard of known weight to

the vehicle so that it 1s movable along the yaw or
vertical axis of the vehicle; 10
placing a plurality of tank strain gauge load cells
sensed by direct current voltage means providing
analog voltage outputs in proportion to the load on
each load cell, intermediate different portions of
said containment tank and a portion of a common 15
reference surface of the vehicle, and sensitive along
an axis substantially normal to said common refer-
ence surface and generally parallel to the yaw axis
of the vehicle;
placing at least one reference strain gauge load cell 20
sensed by direct current voltage means providing
analog voltage outputs in proportion to the load on
the load cell intermediate said reference standard
of known weight and a portion of said common
reference surface of the vehicle, and sensitive gen- 25
erally parallel along an axis substantially normal to
said common reference surface and generally par-
allel to the yaw axis of the vehicle; and,

converting the analog signals, essentially simulta-

neously, into output information representative of 30
the volume or level of the liquid in the containment
tank by summing the plurality of tank load cell
outputs to form a sum signal, dividing said sum
signal by the output of said reference load cell
output to form a tank gross weight signal, and then 35
subtractively combining a known tank empty
welght signal representative of the known tank
empty weight with said tank gross weight signal to
generate a tank net weight signal.

10. A method for use in measuring the volume or 40
level of a hiquid 1n a containment tank in a vehicle sub-
ject to external forces caused by movement of the vehi-
cle, comprnsing the steps of:

mounting a containment tank to the vehicle so that it

1s movable along the yaw or vertical axis of the 45
vehicle;

mounting a reference standard of known weight to

the vehicle so that it 1s movable along the yaw or
vertical axis of the vehicle;

placing a plurality of tank strain gauge load cells 50

sensed by direct current voltage means providing
analog voltage outputs in proportion to the load on
each load cell, intermediate different portions of
said containment tank and a portion of a common
reference surface of the vehicle, and aligned along 55
an axis substantially normal to said common refer-
ence surface and generally paraliel to the yaw axis
of the vehicle; |
placing at least one reference strain gauge load cell
sensed by direct current voltage means providing 60
analog voltage outputs in proportion to the load on

65
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the load cell, intermediate said reference standard
of known weight and a portion of said common
reference surface, and aligned generally parallel
along an axis substantially normatl to said common
reference surface and generally parallel to the yaw
axis of the vehicle;

converting the analog voltage outputs from the tank

load cells and from the reference load cell 1nto
digital signals;

converting the digital signals, essentially simulta-

neously, into output information of the volume or
level of the hquid in the containment tank by sum-
ming the plurality of tank load cell outputs to form
a sum signal, dividing said sum signal by the output
of said reference load cell output to form a tank
gross weight signal, and then subtractively combin-
ing a known tank empty weight signal representa-
tive of the known tank empty weight with said tank
gross weight signal to generate a tank net weight
signal; and,

converting said tank net weight signal into a liquid

level signal corresponding volume or level of lig-
uid contained in the tank.

11. An apparatus for use in measuring the weight of a
liguid in a containment tank in a vehicle that is subject
to external forces caused by movement of the vehicle
having several degrees of freedom, comprising:

a containment tank mounted to the vehicle and sub-

ject to forces along the yaw axis of the vehicle;

a reference standard of known weight mounted to the

vehicle and subject to forces along the yaw axis of
the vehicle;

at least two tank strain gauge load cells located inter-

mediate separated portions of said containment
tank and a portion of a common reference surface
of the vehicle, for providing analog electrical load
outputs proportionally representing the load on
each load cell, said load cells being sensitive along
a first axis that i1s substantially normal to said com-

mon reference surface and generally parallel to the
yaw axis of the vehicle; .

at least one reference strain gauge load cell located

imtermediate said reference standard and a portion
of said common reference surface, for providing
analog electrical reference outputs proportionately
representing the load on said reference load cell,
said reference load cell being sensitive generally
along a second axis substantially normal to said
common reference surface and generally parallel to
the yaw axis of the vehicle and said first axis; and,

computational means coupled to receive said load

output signals and said reference output signals, for
summing said load signals to generate a sum signal,
dividing said sum signal by said reference signal to
generate a tank gross weight signal, and for sub-
tractively combining an applied tank weight signal
representative of the known tank empty weight
with said tank gross weight signal to generate a

tank net weight signal.
* *X %X x %
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